Introduction
Spermatogenesis is a complex differentiation process of male germ cells that originates from spermatogonial stem cells leading to the production of a vast number of spermatozoa. This cell differentiation process can not be accomplished by germ cells alone. It requires a delicate microenvironment produced by several somatic cells both in and outside the testis. The whole process of spermatogenesis is lengthy, taking 35 days in the mouse and 72 days in the human (Oakberg 1956; Clermont, 1972) . Considering this complex and lengthy nature of the process, it may not be surprising that as many as 10,000 genes are expressed in the mouse testis (Shima et al., 2004) . As the total number of genes in the mouse genome was estimated to be about 30,000, about one third of the genes on the genome are expressed in the testis. However, a small fraction of those genes has so far been functionally analyzed, mostly by knock-out mice studies (Escalier, 2001; Toshimori et al., 2004) . The gene knock-out technique is an effective method for evaluating and understanding the physiological and developmental function of a particular gene in the body. However, observations of an abnormal phenotype of a gene knockout mouse sometimes raises further questions. In terms of the abnormal spermatogenesis observed in mutant mice, one of the queries arising in the researcher's mind is the cell type responsible for causing the abnormality.
As mentioned above, spermatogenesis requires a specific microenvironment delicately organized by testicular somatic cells. Sertoli cells in particular support germ cells for undergoing the proper steps of spermatogenesis in an organized manner. The interaction between Sertoli cells Summary. Cnot7 is a co-factor of transcription regulation, expressed in a variety of tissues including the lung, liver, thyroid gland, and testis. Our previous study (Nakamura et al., 2004) showed that deletion of the Cnot7 gene in mice caused almost no abnormal phenotypes except for male infertility, due to oligo-astheno-teratozoospermia. This study also showed that Cnot7 -/-mouse germ cells transplanted as donors could colonize in recipient wild mouse testes to develop normal spermatogenesis by spermatogonial transplantation assay, suggesting that the abnormal spermatogenesis observed in the Cnot7 -/-testes was induced by the impaired testicular microenvironment rather than a germ cell defect. In the present study, we have carried out reciprocal germ cell transplantation in which wild type germ cells were transplanted as donors into the recipient Cnot7 -/-testes to evaluate the recipient microenvironment for supporting the spermatogenesis of donor cells. We noticed that donor cell colonization was less efficient in Cnot7 -/-than in Cnot7 and germ cells is intimate and multi-factorial. In fact, one Sertoli cell has contacts with multiple germ cells, as many as 50, which are different in their differentiation stage (Weber et al., 1983) . Sertoli cells nurture and support those germ cells for their proliferation and differentiation by providing growth factors and nutrients. Sertoli cells form a blood-testis barrier by the Sertoli-Sertoli tight junction, which protects differentiated germ cells from immunological recognition. Sertoli cells also serve to sustain spermatocytes and spermatids until spermiation. Around spermiation, Sertoli cells dispose of residual bodies -which are the cytoplasm left over from each spermatid -by phagocytosis to maintain the cleanliness of the seminiferous tubules. Another important role of Sertoli cells is to absorb interstitial fluid and secrete fluid into the lumen of seminiferous tubules. The fluid flows to the rete testes transporting spermatozoa to the epididymis. These multiple functions of the Sertoli cell are indispensable for proper spermatogenesis. Therefore, any defect in any one of these functions could lead to impaired spermatogenesis. Naturally, a defect intrinsic to germ cells could also cause spermatogenic failure. Any disturbances in spermatogenesis, therefore, can be attributed to defects in the germ cell itself or its insufficient environment, especially Sertoli cells. The morphological relationship between the germ and Sertoli cell is also intimate, having different kinds of cell contact apparatuses, such as desmosomes, gap junctions, tubulobulbar complexes and ectoplasmic specialization (Russell, 1993) . It is always difficult, therefore, to identify which cell type is responsible for any abnormality of spermatogenesis. Even when the responsible gene for the spermatogenic failure was known, as in knockout mouse, it is still difficult to clearly answer the question concerning spermatogenesis. Spermatogonial transplantation is an experimental technique developed some 10 years ago (Brinster and Zimmermann, 1994 ) that has contributed to finding new discoveries and solving important questions about spermatogenesis and spermatogonial stem cells (Ogawa, 2001; Brinster, 2002) . We used this technique to discern the responsible cell for oligo-astheno-teratozoospermia induced by deletion of the Cnot7 gene (Nakamura et al., 2004) . In this report we used reciprocal transplantation to show that the spermatogenic defect in Cnot7 knockout mouse is due to Sertoli cell failure to support germ cells properly.
Materials and Methods

Spermatogonial transplantation (Reciprocal transplantation)
The reciprocal germ cell transplantation used in this study is an assay system for evaluating a recipient testicular microenvironment, while regular germ cell transplantation was used in our previous study (Nakamura et al., 2004) . The differences between regular and reciprocal transplantations are schematically shown in Fig.1 .
In this study, a six month-old transgenic mouse (C57BL/6 genetic background) carrying the pCXN-eGFP transgene (Okabe et al., 1997; Ohta et al., 2000) was used as the donor mouse (Fig.1) . The GFP gene is expressed in every cell type including spermatogenic cells of the mouse, allowing identification of donor cells in the recipient mouse under an excitation light in vivo without any pretreatment. The testes of the donor mouse (GFP) were surgically fixed in the abdominal cavity by suturing them to the abdominal wall. This cryptorchidism works to concentrate spermatogonial stem cells in testes by inducing the apoptosis of differentiated spermatogenic cells. Fifty days later, the two testes were removed and a donor cell suspension was prepared by a two-step enzymatic digestion technique (Ogawa et al., 1997) . Briefly, decapsulated donor testes were digested with collagenase type IV (2 mg/ml) for 10 -15 min at 37 followed by trypsin (0.25%) and EDTA (0.4 mM) for 5 -10 min at 37 . The enzyme reaction was stopped by adding 10% (v/v) fetal bovine serum (FBS) (Filtron, Brooklyn, Australia), followed by the addition of 5% (v/v) DNase (10 mg/ml). The cell suspension was filtered through a 70-m-pore nylon membrane (Becton Dickinson Labware, Franklin Lakes, NJ, USA) to eliminate debris. The cells were then centrifuged to make cell pellets and resuspended with 30 -40 l of Dulbecco modified Eagle medium (DMEM) (Gibco BRL Co., Grand Island, NY, USA) containing 10% FBS. The cell concentration was determined using a hemocytometer to be 2 10 5 cells/ l. Cell survival was greater than 95% as determined by trypan blue exclusion. The spermatogonial transplantations were performed according to the method reported previously (Ogawa et al., 1997) . The donor testis cells were injected into the rete testis of recipient mice. For each testis, about 5 l of donor cell suspension (GFP cells) was injected. For recipients, Cnot7 knockout homo (-/-) and hetero (+/-) mice, for which the genetic background was C57BL/6, were used (Nakamura et al., 2004) . Three Cnot7 -/-and two Cnot7 +/-mice were treated with 1Gy and 12Gy of irradiation one day apart (Creemers et al., 2002) . Four weeks later, both Cnot7 -/-and Cnot7 +/-mice received donor GFP cell transplantation. The recipient mice were sacrificed by cervical dislocation for analysis at 75 days after the transplantation. All animal housing and surgical procedures were in accordance with the Guidelines of the Institutional Animal Care and Use Committee of the Animal Research Center, Yokohama City University School of Medicine.
Observation by electron microscopy
The recipient testes were decapsulated and seminiferous tubules were dissected out for observation under an excitation light to detect the GFP positive segment of the tubules with a fluorescence stereoscope (SZ61-GFP, Olympus, Tokyo). GFP positive seminiferous tubules were cut with sharp edged razor blades and gently detached from adjacent tubules. The GFP positive segments of seminiferous tubules were transferred in the 2% glutaraldehyde in a 0.2 M cacodylate buffer for fixation. After rinsing in the same buffer, the tubules were cut into small pieces followed by an additional fixation for 2 h at 4 . They were rinsed again for a final fixation with OsO 4 . The samples were dehydrated through graded ethanol and then embedded in Epon 812. Ultrathin sections were made on an ultramicrotome (model Ultracut E, Reichert-Jung, Vienna, Austria), stained with uranyl acetate and lead citrate and then observed with a transmission electron microscope (JEM 1200 EX, JEOL, Tokyo). (B, Nakamura et al., 2004) , A: Reciprocal transplantation can evaluate the testicular microenvironment of the recipient mouse to accommodate and support donor cell derived spermatogenesis (GFP-tagged wild germ cells derived spermatogenesis in this study). B: Regular transplantation, which uses mouse germ cells of the subject as the donor, can evaluate the competence of donor spermatogonial stem cells to develop normal spermatogenesis in recipient mouse testis. Step 10 spermatids show a deformity of the head shape characterized by their irregular contour. Note that manchettes (M; bundles of microtubules) are normally elongated from the perinuclear ring (PR). C:
Step 15 elongated spermatids show a severely distorted head shape with a condensed nucleus (N).
3B
3C Results
Eight testes from 5 mice (5 testes from 3 -/-mutant mice, and 3 testes from 2 +/-mutant mice) showed donor (GFPtagged wild germ cells) spermatogenesis identified under excitation light as stretches of green colored seminiferous tubules. The length of the GFP positive part of the tubules ranged from 1 to 5 mm. Although no quantitative analysis was undertaken, the number and length of those green tubules seemed more extensive in Cnot7 +/-than in -/-recipient mouse testes.
Since the green parts of the seminiferous tubules were dissected out for histological and electron microscopical examination, the seminiferous tubules of the Cnot7 +/-recipient testes showed donor spermatogenesis which contained different levels of germ cell differentiation up to elongated spermatids (Fig. 2) . Ultrastructural observation demonstrated that normal spermatogenesis occurred, and the spermatid developed regularly, showing normal head and tail formation (Fig.2B) .
By contrast, the seminiferous tubules of Cnot7 -/-recipient testes showed only a few donor spermiogenesis. From these parts, we removed 7 stretches of the seminiferous tubules with strong immunofluorescence intensity, which indicates donor spermatogenesis, out of 5 testes of 3 recipient Cnot7 -/-mice (Fig. 3A) . We observed the differentiation of donor germ cells up to step 15 spermatids. The majority of those spermatids, however, showed different degrees of deformity. As the spermiogenesis proceeded, the extent of deformity appeared to increase (Fig. 3B, C) . As the foci with donor cell derived spermatogenesis was not so large, it was not possible to evaluate the synchronized manner of spermatogenesis.
In the original report, Nakamura et al. (2004) demonstrated that Sertoli cells accumulated lipid droplets in the cytoplasm as the mice aged. In this reciprocal transplantation experiment, however, such lipid droplets were not observed in Sertoli cells, although many vacuoles were found ( Fig. 2A-C) . Sertoli cells in the recipient testes otherwise appeared normal by both light and electron microscopic observations (not shown).
Discussion
In our previous experiment, a gene knock-out experiment was performed with the Cnot7 gene (Nakamura et al., 2004) . As the Cnot7 is a co-factor of transcription regulation and expressed in a variety of tissues and organs, it was rather surprising that Cnot7 -/-mice did not show any apparent phenotypic abnormalities. The only abnormality in
Cnot7
-/-mice was male infertility due to oligo-astheno-teratozoospermia. Histological and ultrastructural examination of the testis of Cnot7 -/-mice showed reduced number of late spermatids and the presence of large, round, clear vacuoles in the seminiferous epithelium. There was also a greater number of apoptotic germ cells in Cnot7 -/-than Cnot7 +/-testis. In severe cases, most germ cells were absent from the seminiferous tubules. We then used a spermatogonial transplantation assay to show that the Cnot7 -/-mouse germ cell could colonize in the wild-type recipient mouse testis to develop normal spermatogenesis. The results suggested that the abnormal spermatogenesis observed in Cnot7 -/-mice was induced by an impaired testicular microenvironment rather than germ cell defects. The strong expression of the Cnot7 gene in Sertoli cells and abnormal lipid accumulation in their cytoplasm was also evidence that a defect of the Sertoli cell-among other microenvironmental factors-is responsible for the abnormal spermatogenesis leading to oligo-astheno-teratozoospermia.
The present study with a reciprocal transplantation technique confirms findings of our previous study. First, we noticed that donor derived spermatogenic colonies (GFPtagged germ cells) were fewer and smaller in Cnot7 -/-than in Cnot7 +/-recipient testes. This result suggests that the Cnot7 -/-recipient testis has a smaller number of niches for spermatogonial stem cells. In fact, the Cnot7 -/-testis contains seminiferous tubules that lack most germ cells, which looks like all Sertoli state (Nakamura et al., 2004) . Those portions of the seminiferous tubules may be lacking a stem cell niche due to a malfunction of the Sertoli cells. Alternatively, inefficient colonization in the Cnot7 -/-testis may suggest that the testis is less hospitable for injected spermatogonial stem cells in terms of accessibility to the niche. Although the precise mechanism by which the transplanted spermatogonial stem cell reaches the niche in the seminiferous tubule is not understood, one possible explanation is that Sertoli cells actively trap stem cells to draw them down into the niches (Russell and Brinster, 1998) . Therefore, a Sertoli cell defect in the Cnot7 -/-recipient testes could reduce the efficiency of stem cell colonization.
Secondly, we have found that a majority of spermatids originating from donor germ cells showed marked deformity in Cnot7 -/-recipient testes. As the wild type GFP-tagged donor germ cells were used, those deformities must have been induced by the microenvironment of the recipient testis. The dramatic morphological transformation of spermatids to spermatozoa takes place in the spermiogenic phase. In this phase, especially after the formation of elongated spermatids, gene transcription does not take place because chromatin condensation occurs and the genome is packed with protamines (Clermont et al., 1993) . Therefore, no active gene expression takes place during this last phase of differentiation. However, stored mRNAs which are transcribed beforehand could be translated in this phase to function, and stored proteins could also function to shape spermatids into a final form. Although those mRNAs and proteins must participate in the morphogenesis of spermatid head, Sertoli cells also exert a strong influence on the morphological development of spermatids and spermatozoa. During the mid-phase of spermiogenesis, the spermatid nucleus moves toward the periphery of the cell surface and comes very close to the Sertoli cell (Russell, 1993) . They then form an an intimate intercellular connection like tubulobulbar complex (Russell, 1993 (Nakamura et al., 2004; Berthet et al., 2004) . This demonstrated that the absence of the Cnot7 gene in haploid cells does not impair the final step of spermiogenesis leading to fertile spermatozoa. Therefore, a Sertoli cell defect in Cnot7 -/-is more likely to be the only cause of spermiogenic failure.
Thirdly, we observed many large vacuoles in Sertoli cells in the Cnot7 -/-recipient testes (Figs. 3A-C) . The same vacuoles were also recognized in our previous study (Nakamura et al., 2004) . However, another abnormal finding of the Sertoli cell -accumulation of lipid droplets -was not found in this study. We are not sure of the reason, but one possible explanation is that donor cells had colonized the area where functionally sound Sertoli cells were present. The extent of lipid accumulation in Sertoli cells varies from tubules to tubules, and portions to portions. It is usual for such a mosaic sort of distribution of spermatogenic impairments to be observed in mutant mice. Therefore, it is possible that transplanted spermatogonial stem cells had colonized only to that portion of seminiferous tubules where sound Sertoli cells were present to hold donor cells in the niches.
We have demonstrated that Cnot7 is a regulator of retinoid X receptor beta (Rxrb). The knockout mouse of Rxrb showed a testicular phenotype similar to Cnot7 -/- (Kastner et al., 1996) . Several other knockout studies, such as a deletion of genes related to Rxrb, presented evidence that the failure of spermatogenesis observed in those knockout mice were mostly present in the spermiogenetic phase. In particular, the released control of spermatids from the Sertoli cell appeared to be malfunctioning. That defect was observed morphologically as a sloughing off of round spermatids, dying syncytia formed from spermatocytes, and teratozoospermia (Kastner et al., 1996; Gehin et al., 2002) . It was also reported that those defects were considered to be due to Sertoli cells but not related to lipid accumulation in Sertoli cells (Mascrez et al., 2004) . The impaired attachment of Sertoli cell to germ cells, if present in the case of Cnot7 -/-mice, may explain the inefficient colonization of donor spermatogonial stem cells to the niche as mentioned above.
In the present study, we have shown by reciprocal transplantation that the deformity of spermatids is induced by the microenvironment of the Cnot7 -/-testis. It is most likely that a functional defect in the Sertoli cell of the mouse is the cause of oligo-astheno-teratozoospermia. Spermatogonial transplantation, especially with a bi-directional manner, provides a useful experimental technique to evaluate germ and somatic cell functions in the testis.
